l^^ HEWLETT-PACKARD 

(hj>) JOURNAL 



V«l 1 S Kl« ^ 



JLISHED BY THE HEWLETT-PACKARD COMPANY, 1501 PAGE MILL ROAD, PALO ALTO, CALIFORNIA 



JANUARY, 1964 



An RMS-Responding Voltmeter 
With High Crest Factor Rating 

In 




In i Hewlett-Packard Model 3400A RMS Volt 

ter in d it ate g root - m ean - $g uure i ra fti i * of CO n i 
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enables accurate rm$ voltage measurements on nearly 
all waveforms, including impulse and narrow 

pulse trains (see text * 
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perature+eompensated taut-hand meter has 
linear JindutiUy catibrai each meter 

movement on -hp- - ttrotled meter calibrator, 

\'<tltw< ;!so be obtained with 1>B scale upper- 

most. 



typical electronics work, measurements of 
ac voltage are most often made with voltmeters 
that respond to the average value of the rectified 
voltage waveform or to the peak. In most i 
such measurements are completely satisfactory, 
as confirmed by the popularity of such voltmeters. 

At the same time, however, there are occasions 
when a measurement based on the true rms value 
of a voltage is desired. Measurements of electrical 
or acoustic noise, of low-duty-cycle pulse trains, 
and of voltages of undetermined waveform are 
instances wherein an rms-responding voltmeter 
is valuable. 

A new voltmeter has now been developed that 
both responds to the rms value of the ac waveform 
and has a high crest factor rating. This rating is 
the measure of the voltmeter's ability to read the 
rms value of waveforms that have a high peak- 
to-rms ratio such as low-duty-cycle pulse trains 
(see pp. 4, 5), 

In other respects the new voltmeter is as con- 
venient to use and has as wide a measuring range 
as the best average-responding types. Its voltage 
range extends from 100 microvolts to 300 volts 
and its frequency range from 10 cps to 10 n 
cycles. Its crest factor rating is 10:1 which en- 
ables it to read at full scale the rms value of pulse 
trains that have only a 1 % duty cycle. At 1/1 0th 
of full scale, it will read pulse trains of only O.ti 1 '■; 
duty cycle. 
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Fig. 3. New -hp- 34QQA RMS Voltmeter has a 10 
megohm input impedanve r no zero set control, and a 
high crest factor with immunity to large over load 'a. 
Sensitivity is such that usable indications ore obtained 
down to J 00 microvolts 



MEASURING RMS CURRENT 

Besides the general uses men- 
t toned above, the new mis volt* 
meter may be used as an At- or kf 

power meter b\ inmiecu'ng it n» 
monitor the voltage applied to re* 



RMS AC-DC CONVERTER 

Since ii is provided with a d< oui 
put which Is proportional to the 
nurn deflection, the new voltmeter 

(.in be used as ;i line.ir rnivat -ill 
converter. I he dc output tan then 



sistive loads Jn this way power levels be used to drive a digital d< volt 
as low as 17 picowatts (17 y; H> l - meter and /or a d< recorder where 
watts) in 606 ohms can be measured, an analog record is desired. Further, 
In addition, the new voltmeter is the voltmeter provides a conversion 
valuable as an rms milliammeter or tfain of up to 60 db on irs most sen- 
ammeter. Measurements of these 
currents can be made b) using the 
voltmetei with the -hp- dip-on f in- 
rent probes. 1 ' * These probes merely 
clip around the current conductor 
and provide an output voltage thai 
is proportional to the measured cur- 
rent and of identical waveform. 
Currents of well below a milliam- 
pere and up to tens of amperes can 
be thus measured, 



sitive range. This can be reduced in 
10 db steps to 50 db on the leasi 
sensitive range. 

The dc output is also useful loi 
closing control loops where it i> >,l. .- 
sired to hold constant the rms value 
of a given signal. 

External loading oJ the dc output 
does not affect the meter accuracy 
so ihat both meter and dc output 
can be used simultaneously, 

DESIGN APPROACH 

k\is sensing in the new voltmeter 
is accomplished by a high-quality 
vacuum thermocouple, Thermcx Du- 
plets traditionally have been used as 
rms at to d< converters where high 
accuracy and wide band widths were 
required, Other methods have been 
preferred where possible, however, 
because bi certain disadvantages i\\ 
most measuring schemes involving 
thermocouples. These difficulties in- 
clude sluggish response, susceptibil- 
ity to burnout, and a voltage trans- 
fer thai varies with temperature. 
These disadvantages have been 
overcome rn the- Model &400A by 
the proper design ol the ac thermo- 
couple drive < ircuitry and by use ol 
a self -balancing bridge conftgura- 
i ion, av shown in Fig, 1 

\ block diagram pi the 5400A 
volt meter is shown in Fife 5, The 
self-balancing thermocouple bridge 
circuit is preceded by attenuators 
anil amplifiers. 
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1 Charles 0. Forge, + 'A New Clip-On Oscilloscope. Volt 
meter Probe for 25 cps-20 Mc Current Measurements," 
Hewlett-Packard Journal, Vol. 11, No. 1M2, iuly-Aug . 

1 John G. Tatum, <*A Clip- On Current Probe for WrtfebanO 
Oscilloscope Measurements/' Hewlett-Packard Journal, 
Vol 15, No. 2. Oct,, 1963. 



Ftg. \. BasU principle of RMS colt meter operation. 
Two matched thermocouple* in common thermal en- 
vironment are connected with outputs subtracting. 
Resulting difference voltage, amplified and retwrned 
to heater of reference thermocouple, thus "tracks* 
heating power of ac input voltage and is used as 
indicator of rms ac input. 
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The thermocouple bridge estab- 
lishes an equivalence between the 

rms value of the input signal am! a 

d< feedba* k voltage in the following 
manner* The two matched thermn 
couples arc connected with output 
voltages suhtrat ting. Powet applied 
to l he lie an i ol tlie input thermo- 
couple generates a dc unbalance 
signal in the thermocouple outputs 
which is amplified and applied to 
the heater of the feedback thermo- 
couple. The increased dc imipui 
from this thermocouple reduces the 
unbalance signal. 

Since the dc amplifier gain is 
high, the unbalance signal remains 
verj close to zero (< 25 nvoits) ai all 
times. Ill* - di voltage applied to the 
feedback thermocouple therefore '^ 
proportional n> the rms value oi the 
uoltage applied to ihc input ther- 
mocouple. 1 he panel meter moni- 
tors the feedback dc voltage to pm- 
vide the indication of the rms value 
«»i the input voltage. 

\u\ parameter variations con> 
mou to both thermocouples do nor 
affeci accuracy because of the high 
loop gain and the bridge configura 
lion. Since the thermocouples are 
subject to the same thermal history, 
the voltmeter reads a new voltage 
accuratel) even while the thermo- 
couples are settling to a new ther- 
mal level. Relatively fast response 
(<2sec) is characteristic ol this volt 
meter. 

The ih amplifier is a high gain 
. hopper amplifier employing a pho- 
tocondui toi modulator and demod- 
ulator- AC feedback around the 
amplifier reduces sensitivity to com- 
ponent van.!!]* ins in the modulator, 
demodulator, and choppei ampli 

Tandem emitter-followers provide 
a low resistance drive to the metei 
circuit and tb tl>e feedback theme- 
couple heater, in addition to sup 
plying the dc output at the rear 
panel through a \ kilohm resistor. 
The resistor determines the output 
impedance and also isolates the out 
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Fip. 5. Block diagram of -hp- Model $400 A RMS Voltmeter. 



put so that metei accuracy is inde- 
pendent of uutput loading. The 
output amplitude, < orresponding to 
full scale meter deflection, is I volt 
into an open i in uii "i I ma into a 
shori ( in on 

INPUT CIRCUITRY 

The signal at the input terminals 
initially is attenuated, it necessary, 
bj an accurate, high-impedance -n- 
tenuator capacitively compensated 
lor high-frequency response. 1 he 
signal is then applied to an imped- 
ance converter which is a unity- 
gain, two-stage feedback amplifier, 
input Nuvistor oi the imped 
ance convertei presents a high im- 
pedance (>300 megohms) in the 
input circuitry while the transistor 
output stage provides a low source 
impedance (< I ohms) Foi the fol- 
lowing attenuator. The t in uit has a 
wide dynamic range and is .djle to 
withstand large overloads, 

The second attenuator, which tol- 
ling the tmpedaw e convei tei , has a 
range <>i 50 db in 10 db steps. I his 
is a resistive divider network using 
high quality, non-inductive preci- 
sion resistors man hed to a vi 
division at c ui ai \ ol better than 
0.05%. The attenuator output Em- 
ni e i^ made * onstani to avoid 
undesirable interactions with the 
input impedance of the main atu 
pi i Tier. 

- 3 * 
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The main amplifier is a five-stage, 
wideband transistor amplifier thai 
ha% a huge negative feedback Fa< toi 
to assure stability and gain at i u- 
racj fhe ai loop gain al midhand 
is typically 60 db and. in addition, 
a dc bias loop holds the transistor 
operating points within a lew tenths 
of a volt over the entire operational 
temperature range from to 

-(-55 ' C. 

hi reduce sensitivity m param- 
eter variations, the phase and mag 
uirude of the overall amplifier |nnp 
gain are controlled by a local feed- 
back Inop in the forward path. The 
magnitude of the local feedki" k 
increases with frequency with the 
net result thai at gain crossover, 
there is still some lo< al feedback for 
gain stabilization. 

The main amplifier gain is ap 
proximate!) 50 db and bandv 
is typicall) from > cps u> 50 M< 
between the ±3 db amplitude re- 
sponse limits, Fhe output stage is 
a complementary-symmetry class B 
amplifier thai has ihe wide dynamic 
range necessary For high <rest factor 
performance. Protection against 
thermocouple burnout is achieved 
by restricting the charge available 
in the amplifier output coupling 
capacitors in accordance with the 
average signal level. 

fhis design approach results in 




Fig 6. Ii\fS ralues of alternating rut nuts are measured with combination of 
-hp- Models 456A Current Probe and 3400A RMS Voltmeter Current P 
>., n&itu it\ of I me/ 1 ma permits voltmeter scales to be read directly as current 



a fast-responding instrument that is 
accurate and stable, requiring no 
zero sei control, and thai measures 
ac voltages over a wide range of 
amplitudes and frequencies. Long 
term reliability is achieved through 
conservative design arid the use ■>! 
high quality components ihnmgh- 
oui the insti umeiir. 
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SPECIFICATIONS 

-hp- 

MODEL 34 00 A 

RMS VOLTMETER 

RANGE: 12 ranges from 1 millivolt full 
scale to 300 v full scafe m a 1. 3, 10 
sequence. 72 to -52 dbm rUsable rn 
dtcations to 100 ^iv.) 

FREQUENCY RANGE: 10 cps to 10 Me. 

ACCURACY: Within 1% of full scale. 50 
cps to 1 Mc. Withm ±2% of full stale 
from I to 2 Mc, Within -"3% of full 
scale. 2 to 3 Mc Within ± 5% of full 
scale, from 10 to 50 cps and from 3 to 
10 Mc, (Usable readings to 5 cps and 
20 Mc> 

RESPONSE: Responds to rms value of ac 
waveform at input 

CREST FACTOR {ratio of peak amplitude 
to rms amplitude): 10 to 1 at full scale; 
inversely proportional to pointer deflec- 
tion, e.g., 20 to 1 at half scale, 100 to 1 
at tenth-scale. 

MAXIMUM INPUT: 425 v rms, 

INPUT IMPEDANCE: 10 megohms shunted 
by 25 pf. 

RESPONSE TIME; Typically <2 sec to 
within 1% of final value for a step 
change of input voltage. 



design team include Harvey M. 
Fishman, George R. Sinfield and 
the undersigned \IY< hanii a] design 
|jv Roheii \V. Kingston. Robert 
K. Chjpman provided product sup- 
port. In addition, the author would 
like to express his gratitude to 
Donald I Norgaard and Dr Paul 
E, Stofi who have made valuable 
suggestions timing the course of the 
pro jo t. justice 



OVERLOAD PROTECTION; 40 db or 425 v 
rms r whichever is less, on each range 

OUTPUT: Negative I vdc at full stale d« 
flection, proportional to pointer deflec 
tion; 1 ma maximum Momma! source 
impedance: 1000 ohms 

POWEfc: 3 35 or 230 v \ 10%, 50 to 60 
cps, approximately 7 watts. 

DIMENSIONS: S% in wide. 61^ in high. 
11 irs deep (i , module). 

WEIGHT: Net, 7 ^ -i lbs 

ACCESSORY FURNISHED: 101 I0A Adapter. 
BMC to dual banana jack 

ACCESSORIES AVAILABLE: 11001 Cable, 
45 in long, male BNC to dual banana 
plug, $5.50 1O503A Cable, 4 ft long, 
male BNC connectors, $6.50 1I002A 
Test Lead r dual banana plug to alligator 
Clips, $7,50. 1 1003 A Test Leads, dual 
banana plug to probe and alligator chp, 
$10 00, 

-hp- Model 456A AC Current Probe 
1 mv/i ma, $190.00, 

PRICE: -hp- ModeF 3400A RMS Voltmeter 
$52500. 

-hp- Model 34 00 A db, with special 
meter face having db meter scale outer 
most to permit greater resolution in db 
reading: $25.00 extra. 

Prices f o b. factory 
Data subject to change without notice 



V>rest factor is defined as the 
ratio of die peak voltage to the 
mis voltage of a waveform (with 
the d* component removed). A 
voltmeter with a high nest facto] 
raring h able to read accurately 
therms values of period^ signals 
that have waveforms significantly 
different from sinusoidal. 

The crest fact or of a tow duty 
eyrie pulse waveform turns nut 
to be far di if ere n t th a n m igf 1 1 be 
presumed from considerations oJ 
the peak-to-average ratio. The 
pulse waveform oi Vig. I, for in- 
stance, has a duly cycle of 1 "; bur 
the crest factOl of this waveform 

is approximately 10, tm 100 as 
might he surmised. For wave- 
forms of this type, the crest fac- 
tor is r mm r I \ equivalent to the 
inverse ol the square root of the 
duty cycle, as discussed helow. 

High crest fat tor performance 
is noi obtained easily. An mis 
voltmeter with a high nesi hi (mi 
must have amplifiers with suffi- 
cient dynamic range to pass sig- 
nals that have a peak amplitude 
many times larger than full stale 
rms value. 

\ wide dynamic range, how- 
ever, is not the onh considera- 
tion. To prevent thermocouple 
burnout, the amplifier design 
should include some provision 
for power limiting. Straightfor- 
ward amplitude limiting, as can 
he seen, is not the answer since 
this would limit die «ivm I.k mi. 
The amplifier therefore must be 
designed with a limit on the volt- 
age-time prrxluct so that thermo- 
couple burnout is prevented 
without restricting the v\ i 
namic range. 
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THE SIGNIFICANCE OF CREST FACTOR 
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1 USEC 



100 U SEC - 
Fig, 1 




A\ a k2 by Definition 



Fig. 2 



DERIVATION OF CREST FACTOR 

Foi ;ni\ wavefoi m 1 1 ig. 2) 

without d< : 



tiirst factor, CF,= — — or— — 

whichever is greater. 



=^P-f 



The i ms sum ol e d and e b . related 
to'e^ by equations 2 and 1. i% 
after integration: 



( 



e'M -D) 2 t fi H- e pp 2 D 2 fT-g\ : 



= •«■>/ D-D 2 
= e ppN / D(l-D) 



(4) 



Since a pulse train represents 
.in extreme < ise "I a Qon Binusoi 
da] periodic waveform, and in 
some cases is a reasonable ap- 
proximation of impulse noise, it 
will be treated here in more de- 
tail, For the pulse waveform 
(Fig. I): 

e a + e h = e pp (1) 

e t t c - e b (T-U (2) 

JJ iltm ( w le. D, is defined as: 

D = t /T 
I hen, e b ~ e^D 

and e t — e pp (l -D) (3} 



Since i rest factor, CF ( = eje^, For 
values oi < D < x h t 



CF=- 



e pp (l -D) 



e pp> / DU-D) 



/ 



'•tr-' 



Examples: 



If D = 



1 



100 



CF = 



= yj 100-1 
^ 10 



15) 




IfD - 



1 



10,000 



, CF = 



] 



f 10,000 



= ^ 10,000- 1 

^ 100 

1 ht- rms voltage <«l ■! pulse wa 
form with baseline Fixed al 
groLind (includes n d« compo- 
nent) is. from Fig, 4: 



= e pp yj t c /T 



(6) 



I be mis voltage <*i a pulse wave- 
form with b;iseline fixed at 
ground is measured with both an 
inh voltmetei and a <U volt- 
meter. Then: 



= yj e #c 2 + e dc ; 




f e PP 



0V- 



F*g. 3 



Fig. 4 
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•;U HOURS . 



5400 HOURS : . 




SCALE 

VERTICAL — • 10 DIVISIONS ■ 20Q JLkV 
HQRIZONTAL— I DIVISION * 1 WIN 




•^ 



2S0Q HOURS . 



: 1 1 — 3500 HOURS -f. — 

i : ; im. L 



4500 HGi •• 




SCALE: 

VfRTtCAL^^— 10 DIVISIONS -700 1LV 

HORIZONTAL— *J DM5IGN « 1 WIN 



LONG-TERM STABILITY OF THE 
-hp- 130C SENSITIVE DC-500 KC OSCILLOSCOPE 



\\ AXi.MiM gain, hence maximum 
sensitivity, in direct-coupled ampli- 
fiers is limited hv drift. Drift is 
minimized by careful select ion and 
utilization of components during 
the design of an amplifier but there 
remains an irreducible amount 
which arises primarily from leakage 
currents within the vacuum tubes 
of the first stage amplifiers. In om \l 
toscopes, r 1 1 i s has meant that the 
maximum practical sensitivity is in 
the order of a hundred microvolts 
per centimeter. 

The gradual deterioration oJ d< 
stability during the life ol an am- 
plifier, however, is an often eucoun- 
! problem, Long-term tests are 
required to explore the possibility 
ol this occurrence in new instru- 
ments. 

As pan ol such a program, two 
<*f the — hp— Model 130C high-sensi- 



tivity, doSOO kc Oscilloscopes* have 
been kept in continuous operation 
lot ,i period of more th;m 7,000 
horns, This rep resents three 10 four 
years of normal operation and is 
thus indicative of the long-term be- 
havior of the amplifiers in the 130C. 



* iohn Strathman, "A DC-500 KC OscJltosc . 
Extended Measurement Capabilities," Hewlett-Packard 
Journal, Vol. 13, No. 12 r Aug., 1962. 



The oscilloscopes were operated 
on non-regulated line voltage in a 
laboratory environment and were 
subject to the occasional vibration 
and minor mechanical shocks en- 
countered during normal labora- 
tory activities. The deflection plate 
outputs ol both ol the amplifiers in 
each oscilloscope were monitored 
, In (iff J on next pagt I 




-hp~ Model 130C Oscilloscope has a basic sensitivity of 200 fwfem and 
an operating range from dc to beyond 500 kv. 
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IMPROVEMENTS IN THE PRECISION OF THE U,S. FREQUENCY STANDARD fUSFS) AND ITS DISSEMINATION 
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PRECISION OF THE UNITED STATES 
FREQUENCY STANDARD 



M 



isv tr.iHi.rs will be interested in 
(he above ill ust rai i'n i released by the 
National Bureau <>i Standards, ftie il- 
lustration sh<iws tfir mi j.n i ivi iih tits in 

precision that have been made in the 
United States Frequency Standard linos 

incept inn of this service in f920, I be 
hu;un .iivi lists the types of devices used 
as frequent) standards over the 
a* well as the services which require 
the ^ ai i -us levels «»i precision. 

J h'- heav} line traces the develop* 
men is in precision of the United Stales 
Frequency Standard (I'sfs). The sharp 
upward turn in 1957 resttlts from con 
version to atomic frequency Standards, 

ih> preseni Diw being a cesium beam 
atomic frequents standard maintained 



jt the nhs Jiuuhlcr Laboratories. Ac- 
cording to nhs. this standard is precise 
to 2 parts in 10**, a precision much 
higher than that achieved in the roeas 
Tit of .u is cither quantity. 
Siam Ian] frequency broadcasts were 
inaugurated in i9Z3 on station wwv 
(now BcltswJle. MiL) and were aug- 
mented ill 1 948 \yy the addition of 
ww>h. Muni. Hawaii to obtain strides 
coverage, I fee stability of the trans- 
mitted signals is shown as the ilntled 
line. The leveling off of the stabilities 
ived*' high-frequency se- 
rials at I part in lii T . shown as die 
dashed line on the chart, is attributed 
in nhs to inherent limitations imposed 
mi the signals b) ionospheric Lnxtabili- 



l he liabilities + pi all nbs standard 
frequency broadcast * as transmitted 
non are essentially the same ai 
usfs. Recently ina low fn 

• 1 1 j i j i l s, broadcasts (wwvs ami w.wvl at 
Ft. Collins i ole provide much highei 
received accuracy than the high fre- 
quency broadcasts because of the differ* 
em mode of propagation o\ Ion fa& 
quencv raOio waves.* 

tin- Bureau states that research al 
Boulder rontinues on Othei fttandaxdl 
with even higher precision. These in- 
ciink a cesium beam with twice the 
precision of the present standard, a 

thallium beam, ami a hydrogen maset, 

1 "NBS Inaugurates Higher Power VLF Standard 
Frequency 8ro3 cfc asts" h Hewlett-Packard Journal, 
Vol. IS, No, 2, Oct., 1953. 



STABILITY iforttti from p.6) 
periodica}!) with a strip chart re- 
( tirder. 

1 lie results, samples of which are 
\lmwn in the accompanying figures, 
sliow that the overall average drih 
i.itc was 200 n.v j^er half hour. Sig- 
nifu aiitlv. the drtit towards the ^nd 
of the experiment ^ no greater than 
it was during earlier periods, show- 
ing a negligible change with age. 
(The initial drift, shown alter 50 



hours of operation, is characteristic 

ot new tubes during aging and re- 
sults from earl) changes in tube 
perveance*) 

Careful attention had been given 
to assuring maximum tic stability in 
die design of the J30C Oscilloscope 
amplifiers. Some of the measures 
taken to minimize <lt drift were: use 
ol highl> regulated power supplies, 
including dc filameni supply; use 
ol low temperature coefficient metal 

• 7 - 
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film resistors in the input stages: 
operation ol input tubes at verj lo* 
voltages and currents; use of low- 
leakage silicon transistors in the 
second stage; anil operation ol all 
components that might inlluente 
dt stabilit) at only a fraction o) 
rated dissipation. These efforts not 
• mis reduced drift to a minimum 
but also achieved long-term stabil- 
ity. 

- John Strath man 




Customer Training Department seminar being conducted hy 
-hp- instructor George C. Stanley. Training is given on cali- 
bration and maintenance of specific -hjy- instruments. 



-hp- FACTORY TRAINING SEMINARS 



Instrument maintenance and service per- 
sonnel may receive factory training on —hp— 
instruments throughout the year both in the 
field and at the Hewlett-Packard Palo Alto 
headquarters. Factory training seminars, 
which last for periods anywhere from one 
day to several weeks, teach the theory of se- 
lected groups of the —hp— family of instru- 
ments in addition to providing information on 
their maintenance, repair, and calibration. 
Instrument applications and measurement 
techniques ore also covered in some of the 



sessions. There is no charge for this training 
but arrangements must be made in advance 
through your local — hp— field engineer. 

The seminars ore conducted by experi- 
enced full-time instructors. The choice of 
topics and the locality of the presentations 
are adjusted to suit requests from the field. 
For further information on this service, please 
contact your — hp— field engineer who has 
full information on current schedules. He also 
is able to pass along suggestions for sessions 
on particular topics. 



B 
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